Abstract-We report on results of a localization ROC (LROC) study that evaluated several multiclass model observers as predictors of human tumor-detection performance. The study used image slices extracted from simulated whole-body FDG-PET volumes. Lesions were located in the liver, lungs, and soft tissue of a mathematical phantom, and the data simulation modeled a full-3D acquisition mode with an ECAT HR+ scanner. Reconstructions were performed with the FORE+AWOSEM algorithm. In the LROC study, observers read separate sets consisting of either coronal, sagittal, or transverse slices from the same set of cases. Multiclass versions of the channelized nonprewhitening observer demonstrated good agreement with the human observers.
I. INTRODUCTION
A comparison of acquisition modes for whole-body PET based on alternative free-response operating characteristic (AFROC) analysis of human-observer studies was recently presented [1] . This AFROC study required the detection and localization of multiple targets in an image volume. Our longterm goal is to evaluate multiclass model observers as predictors of human performance in such a task. These model observers represent one way of extending Hotelling-type linear observers [2] from binary (or two-class) detection tasks to localizationdetection tasks, and have been shown to correlate with human observers in localization ROC (LROC) studies with SPECT images [3] . However, an impediment to testing these model observers against the human results in [1] was the clinically oriented design of the AFROC study, which allowed the human observers to adjust the image display. Thus, for this abstract we consider a simpler single-slice LROC study with fixed monitor settings. The imaging simulation was exactly as detailed in [1] . In fact, our PET image slices were drawn from the reconstructed volumes used in that work. This LROC study compared observer performances with coronal, sagittal, and transverse display formats, and the nonprewhitening (NPW) and channelized NPW (CNPW) model observers were applied. 
II. METHODS

A. Simulated Acquisition
The mathematical cardiac torso (MCAT) phantom [4] was modified for a whole-body FDG simulation by the addition of arms, a head, and a bladder. Spherical tumors in the liver, lungs, and soft tissue were 1 cm in diameter and had ranges of relative tumor-to-background activity that varied with organ. These activity ranges were 3.75-6.25 in the liver, 7.0-13.0 (lungs), and 7.0-12.5 (tissue). Each abnormal case contained 7 lesions, with dispersement among the organs according to a multinomial probability distribution that specified means of 2.5 lesions in both the liver and lungs, and 2.0 lesions in the tissue regions. A lesion placement within a given organ was subject to the restriction that it be no closer than 1 cm from the organ surface or from other lesions, but was otherwise random. A total of 50 abnormal cases were created.
The data simulation modeled the characteristics of the Siemens/CTI ECAT HR+ scanner operated in full 3D mode [1] . Noiseless transmission and emission sinograms were obtained using an analytic procedure that accounted for scatter and randoms. The Poisson noise that was added to the emission sinograms was consistent with average clinical acquisitions. In addition to a noisy projection set for each of the 50 abnormal cases, 25 noisy sets of normal projection data were also generated.
B. Image Reconstruction
Image volumes were reconstructed using 4 iterations (16 subsets) of the FORE+AWOSEM algorithm [5] , for which the attenuation correction applied noiseless weights. Each volume consisted of 225 transaxial slices (2.4-mm thickness), with slice dimensions of 128×128 (5-mm voxel width). Note that the noncubic voxel dimensions led to oval lesion profiles when viewed in the coronal and sagittal formats (Fig. 1) . Post-smoothing was done with a 3D Gaussian filter (10-mm FWHM). After image slices were extracted for the LROC study, final image processing for the study was performed as described below.
Limitations owed to the original AFROC purpose of these reconstructions and the one-target LROC requirement dictated that for any given study image, the observers would have to be instructed to search for a single lesion within a particular organ. Appropriate image slices were thus extracted on the following basis. For a given image format and organ, a lesion was selected if its center and that of any other lesion in the same organ were at least five slices apart. Corresponding lesion-absent images were extracted from both the normal and abnormal volumes. A slice from an abnormal volume was classified as lesion-absent for a given format and organ if it was at least five slices away from the closest lesion center in that organ.
For use in the study, the image slices underwent an organspecific upper-thresholding that was based on the statistics of the lesion voxels in that organ. This primarily influenced detection performance in the lungs. The thresholding was followed by a conversion to an 8-bit greyscale format. The images were then zero-padded to the 256 × 256 dimensions required by our viewing software. Example images are shown in Fig. 2 .
C. Observer Studies
Two members of the medical physics group at the University of Massachusetts Medical School participated in the study. There were 104 lesions that satisfied the five-slice separation criterion for all three image formats, with 21 in the liver, 32 in the lungs, and 51 in the tissue. These formed the study set of lesions. A training set of 42 lesions (14 per organ) for a given format was formed with lesions that were specific to that format. With an abnormal/normal image pair for each lesion location, this amounted to 208 study images and 84 training images per format.
The observers read these images in two equal sessions, with a study subset of 104 images preceded by a training subset of 42 images. The confidence ratings were collected on a six-point scale and correct lesion localizations were determined using a 3-pixel radius. An area under the LROC curve (A L ) for each study subset was obtained with the analysis software described in [6] . The overall score for a format was the average of the four subset scores (two observers × two subsets).
For a given study imagef , a multiclass model observer computes a perception measurement Z n at each image pixel n in a predefined search region Ω. The max and arg max of Z n are then recorded as the confidence rating and localization, respectively, forf . For a background-known-exactly detection task, Z n is given by the inner product
involving the observer's template image w n for the image pixel and the mean lesion-absent image b for the slice. The 25 normal reconstructions were used to estimate b. Both the NPW and CNPW observer templates are shiftinvariant, allowing Eqn. (1) to be evaluated for all n by means of a single cross-correlation operation. The template w n for the NPW observer is the mean 2D lesion profile s, centered on the n th pixel. This profile was estimated from the training images. The CNPW-observer template is the mathematical projection of the lesion profile onto a set of channel responses. With these responses represented by the columns of matrix U n , the template is w n,cnpw = U n U n t s.
The channels are defined in frequency space, and the responses are their inverse Fourier transforms. The three sets of radially symetric, 2D channels presented in [7] were tested. One set had four square-profile (SQ) channels [ Fig. 3(a) ] defined as
with ρ the frequency (in pixel −1 ), c ∈ {0, 1, 2}, and ρ 0 = 0.015 pixel −1 . The other two sets were difference-of-Gaussian (DOG) designs, with the definitioñ Fig. 4 .
The model observers each read four study sets of images per format: the set from the human study plus three additional sets consisting of different noise realizations of the cases in that first set. Sets of 84 images were used for the training (i.e., estimation of the observer templates), with a different training set used for each of the four study sets. The raw data from a given observer and format was pooled over the study sets. The floating-point confidence ratings were then binned to a six-point scale. As in the human study, a radius of 3 pixels was used to define correct localizations and areas under the LROC curve were obtained with the analysis software.
All the observers were made aware of the 1-cm minimum separation that was imposed between the lesions and the organ boundaries. For the model observers, the search region Ω in a particular organ was simply defined by the organ area minus a two-pixel margin. Definitions of Ω with margins of three and four pixels were also tested. The four-pixel definition excluded six actual lesion locations, five in the lungs and one in the tissue. 
III. RESULTS AND DISCUSSION
The performances of the observers with the three display formats are compared in Table I . The lower scores for the coronal slices reflect the larger body area that must be searched relative to the sagittal and transverse slices. For the NPW observer, the difference was substantially larger than for either the human or channelized observers. Overall, the performances of the humans and CNPW observers were in agreement. In comparison to the humans, the CNPW observer with the SQ channels underperformed slightly while scores with the DOG channels were generally higher. Table II summarizes an analysis of observer performances in the individual organs. The uncertainties in A L are higher than in Table I since these scores are estimated from subsets of the study images. The CNPW-observer performances with the SDOG and DDOG channels were quite similar, and thus the latter are not listed. With all three display formats, the human scores were ranked as lungs > tissue > liver, matching the results in the volumetric study [1] . The greatest differences between the human and model observers were indicated with the coronal format, although the NPW observer failed to match the human rankings with any of the formats. There was a slight negative effect on the CNPW observer in switching from symmetric SDOG channels to nonsymmetric ones for the coronal and sagittal images (Table III) . Although another channel definition in place of Eq. (5) might produce improved scores, these results suggest that the oval shape of the lesion had little influence on human performance.
Finally, Table IV shows how the various settings for the model-observer search region affected the CNPW observer with the SDOG channels. With Ω based on a three-pixel margin, scores improved slightly. The scores with a four-pixel margin were no worse than with the two-pixel margin even though some lesions were excluded from Ω. The other model observers behaved similarly.
IV. CONCLUSIONS
The rankings of the human performances in the three organs agreed with previously reported results. The performances of the humans and our CNPW observers were also in agreement. CNPW-observer performances were lower with the SQ channels than with the DOG channels. Investigations of internal- noise issues require a model observer that is more efficient than the humans and we are currently evaluating the channelized Hotelling observer for this purpose. All the model observers demonstrated some sensitivity to artifacts at the organ boundaries, but it remains to be seen how the human observers handle these. Future work with these model observers will use volumetric images. 
